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PREFACE 


In the field of engineering, there is always present 
the need for obtaining more precision in small measurements, 
and at the same time attaining this end by Simple and versa- 
tile means. 

In order to detect and register very small dimensional 
changes brought about in a stressed elastic material, instru- 
mentation must be designed and built to incorporate great 
sensitivity which is attained in large part by utilizing some 
form of magnification, to enlarge upon the actual change and 
make the measurement readable. 

In the work to follow, the problem of measuring trans- 
verse and longitudinal strains set up in small diameter wire 
under tension, as a means of obtaining reliable values of 
Poisson's ratio for the material, is taken up and a means 
of obtaining results is described. 

Determinations of the longitudinal strains existing is 
accomplished by conventional optical methods, while that of 
obtaining the transverse strain was resolved by application 
of the principle of so-called pneumatic amplification. 

The considerations arising in the design of two pneuma- 
tic strain gages, their calibration and the design of a 
tension producer are discussed together with results of tests 
undertaken with this equipment. 

The designs for the first pneumatic strain gage and 
tension producer were begun in December 1950 and were built 


and completed by the U. S. Naval Kxperiment Station in 


(41) 





April 1951. The second strain gage was designed to eliminate 
certain fabrication deficiencies found in the first; it was 
manufactured in the School's machine shop. 

The gages were calibrated at the Naval Postgraduate 
School, using an interferometer and pressure control equipment 
designed by Professor G. H. Lee and Instructor I. H. Stockel 
who were working in an allied field. Following the calibra- 
tion of the gage, several strain measurements were made on 
~-125 inch wire and Poisson's ratio determined for comparison 
With existing data for tne meses 

I wish to express my appreciation to Professor G. H. 

Lee for his suggestions and guidance throughout the project 
and to Professor EK. K. Gatcomb for his aid in consummating 
the mechanical design features of the piston-type gage. 
Thanks are also due my fellow students and Joseph Qctavec of 
the School's machine shop for his efforts in eliminating 


operational troubles and in producing one of the gages. 


(iii) 





TABLE OF CONTENTS 


Introduction 


I Design Considerations 


— 


wm & Ww WN 
I 


6 - 


Application of Flow Theory to Strain 
Gage System 


Correlation of Controlling Parameters 
Range of Use 

Sensitivity and Magnification 

Predictions of Magnification, Range of Use 
and Gap Clearance from various Combinations 


of Orifice Diameters 


Description of Apparatus 


Il Calibration and Strain Measurement 


ae 
~ 
 - 


Piston-type Gage 
Snap-on Type Gage 


Reduction of Data and Curves Plotted 


III Test Results and Comments 


—_ 


Own F&F W DN 
‘ 


y 
Appendix 
ia?! 


Magnification 

Sensitivity 

Error in Using Gage 

Error in Determination of Poisson's Ratio 
Reliability 

Duplication of Calibration Runs 


Recommendations 


Development of Flow Equation 


(iv) 


Page 


WS: 
15 


16 
22 
32 
32 
34 
L2 
48 
48 
49 
50 
53 
D4 
29 
56 
a9 
a9 





B - Table III - 


Table IV - 


Table V - 


Table VI - 


Table VII - 


Table VIII- 


C - Figure 4 - 


Figure 10 - 


Computations for Figure 3 65 
Calibration Data 68 
Deformation of Wire Data 70 
Tabulation of Calibration and 
Poisson's Ratio Curve Plotting 
Equations v1 


Table of Transverse and 
Longitudinal Strains 72 


Calibration Run Check on 
Combination B 73 


Assembly and Details of Piston 
Type Gage ENCLOSURE 


Assembly and Details of 
Tension Producer ENCLOSURE 


(v) 





Figure 


Figure 
Figure 


Figure 


Figure 
Figure 
Figure 


Figure 
Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 
Figure 


Figure 


Figure 
Figure 


10 - 


ll - 


12 - 


l3a- 


13b- 


15 


16 - 


Lg 
18 


LIST OF ILLUSTRATIONS 


Page 
Schematic arrangement of strain gage 
system 2 
Function characteristics. 5 
Design curves. 9 
Assembly and details of piston type ENCLOSURE 


strain gage. Appendix C 


Photograph of piston type strain gage. 22 

Strain gage balancing arrangement. 23 

Assembly and details of snap-on type 

strain gage. 2k 

Schematic of snap-on type strain gage. 25 

Schematic of tension producer. 28 

Assembly and details of tension producer. ENCLOSURE 
Appendix C 

Schematic of interferometer for 

calibration. 30 

Photograph of calibration (piston-type 

gage, "Solex," interferometer) 35 

Photograph of actual run (snap-on 

pneumatic gage, Tuckerman, tension 

producer, "Solex.") 39 

Photograph showing Tuckerman and strain 

gage arrangement on wire. 40 

a,b,c, - Calibration curves. Ld, 

pM curves. 4,7 

Reliability of calibrating and wire 

testing arrangement. DL 

Mechanics of flow. a9 

Simple flow systen. 62 


(vi) 





TABLE OF SYMBOLS AND ABBREVIATIONS 


Primary 


Secondar 


Dimensions 
~ Dimensionless ratio s/D5 


fixed orifice area 


y variable orifice tip circun- 


ferential gap area 


Dimensionless ratio Do/D, 


Coeffici 


ent of discharge 


Correction for initial velocity 


Total elongation 


Primary 
secondar 
diameter 
Young's 
Unit str 
Unit str 


Supply p 


fixed orifice diemeter 


y variable orifice tip inside 


modulus of elasticity 
ain, longitudinally 
ain, transversely 


ressure head (inches of water) 


Intermediate pressure head between orifice 


lL wande2 


Reading 


(inches of water) 


of manometric column with exit of 


intermediate chamber open 


Reading 


of manometric column with exit of 


intermediate chamber closed. 


Reading 


of manometric column corresponding 


to maximum magnification or equal to 3/4H. 


Reading 
setting 


Reading 
setting 


of manometer corresponding to a gage 
S, on left of maximum point 


of manometer corresponding to a gage 


So on right of maximum point. 


(vii) © 


L“ 


M/ 5 m2 





Cp Dimensions 
k - Gy ratio of specific heat at constant 


pressure to the specific heat at constant 


volume 
XA ~ Wave length of light source L 
L - Tension producer Loading lever arm L 
kh - Poisson's ratio 
Mx ~- Magnification + 
Mt —~ Mass rate of flow fi 
M, - Magnification = 
m - Increment mass of fluid under consideration M 
Gq) - Sensitivity 
P - Pressure force per unit area w/e, 
p - Pressure force per unit area, - 7 
where g' is numerically equal to the 
acceleration due to gravity = 
Q - Volume rate of flow L?/t 
P - Mass density £3 
R - Tension producer wire pulling arm L 
g -— Stress M/p pe 
s - Gap clearance L 
"Solex" — Name given to constant pressure controlling source 
U - Velocity L/n 
V - Volume of m at any instant L? 
W - Tension producer load MI/T* 
4 - Potential head L 


(viii) 





INTRODUCTION 


Pneumatic amplification actually is a means of capi- 
talizing on the properties of a flowing gas which are at 
all times such as to fulfill the laws of conservation of 
energy and continuity of mass. If within the boundaries 
of a flowing fluid, the sectional area is reduced, then in 
order that continuity of mass be maintained, the velocity 
must increase. Associated with the velocity increase and 
again in keeping with energy conservation, there is a 
pressure decrease. It follows that the existing pressure 


is proportional to the section area. 


(1) 





I - DESIGN CONSIDERATIONS 


1 — Application of Flow Theory to Strain Gage System 
Applying the principles set forth in the introduction 


to the pneumatic strain gage, together with ecuation 


he —— Eps 


3E ~ ex 


(1) 


developed in Appendix "A" for a similar situation, Figure 


18, a convenient method of measuring deformation can be 


realized. Figure 1 represents one such system, and the 


particular arrangement used in measuring transverse strain 


of small diameter wire. 


PLUNGER 


y, ORIFICE 1; A-1D, 
4 







INTERME DIATE 
CIAMBER 


MANOMETRIC 
COLUMN 


Figure 1 - Schematic of strain gage system. 
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SPECIMEN 


FOLLOWER 


ORIFICE 2; A-TRS 





Referring to Figure l, air under low pressure is supplied 
from the left through a valve into the pressure controlling 
device "Solex" which maintains the initial pressure P, at Ho 
inches of water in the plunger and in the space between the 
valve and the first orifice Aj. To the right of A, the 
pressure h is controlled by the amount that the gage variable 
orifice Ag is open. When A» is closed, h will equal H and 
the water level in the manometric column will be at its low 
point. If it were possible to open Ay all the way back at 
the manifold, it is evident that h would be O gage or atmos-— 
pheric pressure. In use h will be between QO and H and 
generally 3/4H, as will be shown later. 

At the gage, it can be seen that as the diameter of the 
Specimen decreases, the piston follower will rise and in- 
crease the gap s between Aj and the lower face of the piston. 
This will result in a decrease in h and the water column 
Will rise. 

In the system just described, we have then, two ori- 
fices. A, fixed and A> variable. The pressure entering A, 
is H, leaving A, and entering Ap 1S h, and leaving Aj is at- 
mospheric. It can be seen that the pressure prevailing between 
Ay and Ay is a function of A, and Ao- With A, fixed and Ao 
variable, the pressure h then is a measure of the size of 
orifice A>. 

For reasons that will become apparent later on, it be- 
comes convenient to use the following notation: 


S D 
CEa= Be aa [2 = D, 


(3) 





Then equation (1) becomes: 


H 
8 Te 16a (2) 


Equations (1) and (2) then define h as a function of 
S, Do and Di» all independent, to give equality of mass 
flow through orifices 1 and e@. D, and De become and remain 
constants after being assigned certain values, leaving s as 


dh , : 
the independent variable. qq is proportional to the magni- 


ah ; Ee ~ 
fication ds by the factor Do, i-e., D an = = M, so that 
the characteristics of 2 or My when plotted will be similar 
dh 
to ae for a given Do- 


Therefore, taking the derivative of (2) with respect 
to & ; an 
h or le ae eUS eS 2\% 

dx” (1 4 16 B'0°) (3) 


With Himax) at =0 


nl 2 4 a8 [BOC — | | 
Rock af = 32/3 Hi + eptoc) (4) 





ae, dh Poa SSS 
With “Joc (max) a ayaf> Vag 


4 2 
-6144 BH (16 /30- ) 


h" or ane a 2\4 (5) 
da* (+ 1680) 
: d*h =--§, and d*h t w=O 
8 dac2(max) ale & fp ia dact(min) aoe 
care (1+ 16 Ba)” (6) 
; _ 344 Ah. _ 082 
With ax) at = Ae and lor (min) af 0¢ ies 


(4) 








f(a" 


eee 





Figure 2-a,b,c and d — Function characteristics 
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Plots of h, h', h" and h"' appear as Figure 2-a, b,c 
and dj From Figure 2 the following can be deduced: 
a - Maximum magnification occurs aloe. aS Since h" 
is zero at this point and the curvature of ht as indicated 
by ht is negative in the vicinity of this point. 


b - Approximate linearity of h and @ occurs at this point 


A445 
ifs 


showing inflection of the nh. curve, with negative curvature 


and vicinity as indicated by he, being zero at a= 


to the left and positive curvature to the right. 
c - That this point and vicinity is the most desirable con- 
dition to design for. 


ad -— In terms of a and s 


sill 2, Je tala 
Realize that 12°78 Ge, 
SL. =e oe 
Dv, (1 + 10/8 A ) (7) 
S$=D,a 
And (8) 


(6) 





2 - Correlation of Controlling Parameters H, D, and Da With 


Ms and As 
The several differentiations of h with respect to & show 


— 


that OC varies inversely with Ex or 








OC = Bi (9) 
where K is a number > O and equal to ae for maximum magni- 
fication. Substituting equation (9) into equation (3) we 

4 

- 307) a2 
have ee 22/9 AAT, 

Q 4- 16f> et) 

Mc K/AH 
(1 +16 K)* (10) 
. dh , dK 

sanee M.= dh. ds 
And w=5/0, ; Ae = cae , Equation (10) becomes 


Me ~ eZ ae 
(1 + (6 K*) 2s 


Zs 32k €: Ht) 
D, 





~ (y+ tok’) (11) 
which indicates that for any given value of @, M, increases 
with H (3 and Do and decreases with D, increasing. 

Further, with s =D5 from equations (8) and (9) 
s= (12) 
fp 
which is equivalent to 
2 
Ss = KDL 
Do (13) 


which shows that for any given value of OC , S increases with 

D, and decreases with /3 and D,- Similarly As = Aq D2 = 

= AK) D, increases with Dj and decreases with Do and 4. 
The deductions then from equations (11) and (13) assist 


in obtaining suitable values of M, and (\s. Having chosen 


(7) 





D, and Do and H to obtain a desired M, and As, Mg will then 


vary with s as equation re Which can be rewritten: 











ainee.. 3228 5 ot 
ds (\ 16s ~ aes ) D, 
: smi 
or ies Utes (14) 
where C =\6 = 
Rewriting equation (9) @= Vos [3 
Sap, 
OES De 
Die 
And S=s5p, for M, (max) so 
that cost et (14) is increasing for values of s <5 
- 2 
al Ss 
and decreasing for values of — 


Since the deductions of equations (11) and (13) are 
opposing, it is evident that to obtain high magnifications 
we must sacrifice range As. 


Summarizing, we have: 





Increased M, Increased As 
Increase H Increase Di 
Increase Do Decrease Do 
Decrease D. Decrease (3 


Increase 2. 
The locus of the M, maximum points on varying and 


Ss is a rectangular hyperbola M, = ell 


In any case, equation (3) indicates magnification can 
be increased by increasing H as M or M. are directly pro- 


portional to H. 


(8) 





Confining H to low pressures so that compressibility 
effects will not impose further complications on theory, we 
find that for me at each orifice to be not greater than .Ol: 

J 
4 Ol 
= 411.32 inches water absolute (max.h) 


and h 
Also for are = OL 
H = 415.50 in, water absolute 


§.30 inches HoO gage 





Figure 3a - Design curves 


(9) 
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Figure 3 b and c - Design curves 
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At this point it is desirable to summarize the foregoing 


information in the form of general HM 


g VS. S curves for 
various values of (8 which are determined from a knowledge of 
the practical limits to which a machinist can reproduce D5 
and D,- 

Since existing shop technigue makes a .OO1L" diameter 
hole well within the realm of practicability D, (min) is 
taken at this value. 

It can be seen that if M, is plotted versus s for an 
arbitrary range of ( and s) and for a D, of 001", (see 
Figure 3 a,b,c on pages 9 and 10), that the curves can be 


extended for use with any D D> M. and S&S Since from equa-— 


“—_’ =S 
tion (7): Sibigevelavdila: 2 ale 
(7) ds ° D dx “AD 5 oh 
dh ap dh 
=3x0ox dh = [2x (nx.001) x g 
as (p,--00t") \ ) ec (D,; nx.cot") 
and an. a ena 
(0,=nx.00V") 2) AS (0, ©01') 
(15) 
Similarly from equation (8): 
Gazax D, 
~Xf3D, 
or Ol = S/AD, 
- Ss (D,= oat") = S =n x.001") 
(3 x .O0\ [3=M™x.co1") 
and. SOM 68) on SO: oot") (16) 
and ESS Coren per) 7 VAS tonn0") (16a) 


(11) 





Accordingly, Figures 3 a, b and c were plotted for values 
of /32 of 1.5 to /G = 8.0. It appeared that magnifications ob- 
tainable for values of D) => .001" and/A<_ 1.5 would be too 
low for expected useage. Further, with a 4 > 6& the range 


of use would be too small. 


(12) 





3 - Range of Use 


It is anticipated that wire up to .150" diameter and of 
material varying from a soft copper with an elastic limit (HL) 
of about 5000 psi, # = 15.6 x 10° psi, H =..333 up to a heat 
treated medium C steel of about 70,000 psi elastic limit, 


B= 30 x 10° 


psi, M = .303 will be used since these pro- 
perties are representative of the general run of engineering 
materials. 

Suitable values of A gs then will be determined, using 
the two extremes of materials chosen. 


First, choosing steel of .150" diameter, we have 


TE, £ 
ee oe _ [ooo ® iol =a 
eee tales 


=3 ' 
G_ = HEL= ,B03 *¥ 2.5310 = JOT x \O An/in 
5b, = ED 


se 


JOT x 107.150 = 1.06 x 107* in, 


i 


Or As (maximum) for a medium C steel for use up to 
70,000 psi will be about 1074 inches. 


For .150" diameter copper, 


eee. Oem 


-3 
ar \ 
L 15.6 x 10* S20 -x O infin. 


EL = +333 %.320%107= .1068 infin 


-3 
6. = 1068 x10 «x .1S0O = 1.6 x10°7 th. 


Or /\s (maximum) for copper for use with its E.L. will 


be abeut 1.5 x 1072 inches. 


le) 





In view of this rough appraisal, it might be desirable 
then to design the gage for a As of 1074 inches. It is 


desirable to design for a sufficiently large As so that 
the full elastic range of the material may be investigated 
for one setting of the gage. 

In order to use the gage for smaller increments of As 
then, it will be necessary that sufficient sensitivity be 


designed into the instrument. 


(14) 





4 - Sensitivity and Magnification 


The manometer Scale is graduated in centimeters with a 





vernier to read to .01 centimeter. Based on being able to 
read the vernier to .01 em = .00394" and that the human 
factor prohibits adjusting the vernier to the water column 
meniscus any better than .Ol inches, the sighting instrument's 
sensitivity, W is estimated at .01 inches. | 
For a As= 1074 inches with reading s taken every 
107° inches and estimating a sensitivity magnification or 
multiplication factor of f - 10, the magnification required 


ms: 


ca ny 


aL -2 . 
M, = As (increment) = 2* 40" = 10,000 


io? 
Therefore, the gage will be designed for general use 
nerein the minimum magnification will be 10,000 and the 


minimum range of use 1074 inches. 


(15) 





5 - Prediction of Magnification, Range of Use and Gap 
Clearance from various Combinations of Orifice Diameters 
A study of Figure 3 indicates that aM 


s Of 10,000 can be 


obtained using many values of D,- Recall from equation (15) 


1 
that Ms (D, = = nh tf Bi ‘om s001* 


= #7008") =" (@, = .cgury: 
is used, the values of M, read from the curves are the same 
as the ordinate scale plotted. The following values of Dy 
are tabulated as an illustration of Figure 3 useage for de- 


Sired magnifications of 10,000 and, say, 20,000. 


Dd, and Ms (SRP erin Converts to Mg (desired) 
.003 30,000 1/3 x 30,000 10,000 
-007 70 5000 1/7 x 70,000 10,000 
002 40,000 1/2 x 40,000 20,000 
005 100,000 1/5 x 100,000 20,000 


Similarly it follows by using equations (16) or (16a) 
oF Sp, = nx.001") ~ ™§(p, =.001") “7° A$ (p) =nx.001")> 
= n 48 (p,=.001") that the s or As read from Figure 3 
depends on the value of Dd, being used. If D, - .OO1", the 
values of s and As read directly from the abscissa appearing 
on Figure 3 are the correct ones. Again values of D, are 
tabulated with certain possible magnitudes of s or As that 


may be encountered in using the curves. These are then 


corrected as follows: 


Mm ada sop As Converts to Ss t¢¢ As 
(as read from Fig. 3) (corrected) 


003 20 x 107° 3 x 20 x 107° 60 x 107° 
.007 20 x 107° 7x20x107° 10x 107° 
005 30 x 107° 5x30x107° 150 x10° 


(16) 





Since Figure 3 has been plotted for a supply pressure H 
of 8.30 inches of water gage, if some other pressure is used, 
note by equation (7), it is necessary then, in using Figure 
3, to multiply values of M, read from the curve by the multi- 
plicity of the new pressure. That is, if an H of 10 inches 
were used, then M, read from Figure 3 would have to be multi- 


plied by +“: Or with 5 inches Mc read must be multiplied 


00 
bY 8 30° 


Arbitrarily picking several Di and 25 combinations that 





can be reasonably reproduced and that cover Figure 3 well, 


values of M, ; Avs, and s, will now be estimated by using 


5 
Figure 3. 
D Do Do Drill Size fe 
2008 -0180 i 225 
-006 ~O180 15 3.00 
008 -0310 68 ZaS5 


Taking the first combination, refer to Figure 3c and 
move to/2= 2.25. There is no @ curve plotted for this 
combination, so it is necessary to sketch one in with the 
aid of adjacent 2 = 2elpanay /S = 2-4 curves already plotted. 
This appears as the dot and dasSh curve A. 

Recalling that a As of 1074 inches is desired for the 
gage, the range end points labeled @)are placed on the curve. 
This is accomplished by taking a strip of the same graph 
paper, laying off 1074 inches on it, moving it up to Curve A 
and transferring the range end points. It is important to 
remember the points mentioned earlier in this section in 


laying off this strip to the correct As. Since D, = .008", 


(17) 





then A s to suit Figure 3 must be only 107 inches divided 
by S$ er-12.5 x 107°, This 1s a reverse process, using 
equation (16a), from that described earlier since we already 
have a desired As for a certain D, = -O08" and have to make 
it suit the Dj = .001" (-curve. | 

Now with Curve A plotted with its extremities defined, 
the magnification and s can be estimated. Reading the M. 
scale for the end points().of A, 48,200 is obtained. Again 
remembering equation (15), divide this M, by 8 and 6000+ is 
obtained. | 

Extending the left end extremity) of A down to the ab- 
scissa scale, 58 x 107° inches is read which when corrected 
as indicated by equation (16) gives 464 x 107° inches which 
is an estimate of the smallest gap opening s, on the gage 
during use. Of course s, will be s; + fs, which in this 
case is 564 x 107-© inches. 

It will be observed that the magnification 6000 is less 
than that desired. Now, depending on the design of the 
Strain gage, it may or may not already have some mechanical 
amplification built into it. If there is no mechanical ad- 
vantage in the gage, then these values of M, and As predicted 
by Figure 3 stand as is. 

However, if for example, the gage is designed with, say 
ae tol mechanical magnification, that is, when the measur- 
ing follower of the gage moves 1/2 of the travel of the 
orifice tips, then there is still another consideration in 
using Figure 3. 


In this case values of Ms read from Figure 3 should be 


(18) 





doubled and the As as covered by the actual gage will no 
longer be jor bue 2 x 1074 inches. Tnoen lay off on the 
abscissa strip 2 x 1074 divided by & to give 25 x 107° which 
when transferred to curve A gives extremities labeled 2.) 

Reading the ordinate from Figure 3, 47,300 is obtained 
which when divided by 8 gives 5900+ and when multiplied by 
the mechanical advantage of the re results in aM, of 
11,800 which is within the requirements for total magnifica- 
tion. 

Reviewing this process, without discussion, for the 
second combination of D, and Qo tabulated on page 17 yields 
the following. This time assume there is no mechanical 
magnification built into the gage. 

ae Sketch in (Cue 3 curve (in this case it is already 
plotted as a solid line) 

b. Lay off As scale on strip of abscissa paper = 
100 4 107” = 16.6 x 107° inches. 


- Transfer Ags to curve B. 


[Q 


- Read ordinate of 63,000 from end points @) of curve B. 


Ips 


e. Actual pneumatic magnification is 63,000/6 = 10,500. 
£. Read abscissa of left end point of curve B as 

40 x 107° inches. 
g. Actual sy = 6x 40 x 10°9¢ = AU. Xx 107° inches. 


Once again, taking the third combination listed on page 
17 and this time adding a mechanical advantage to the gage 
being used, the following procedure is obtained: 


ae Sketch in 2 = 3.85 curve (appears as dot and dash 


curve C). 


(19) 





b. Lay off As scale on strip of abscissa paper = 


-6 bs 
Sanaa = 33.3 x10 6 inches. 


Transfer to C by points(2) 


Cs 
dad. Read ordinate of M. = 75,000. 

e- Actual pneumatic magnification is 75,000/8 = 9400- 

f. Total magnification is 2 x 9400 = 18,800. 

g. Read abscissa of left end point as 29 x 107° inches. 


© = 232 x 1076 inches. 


h. Actual s; = 8 x 29x10 

The preceding discussion with examples covers a means 
of predicting magnification and gap clearance having 
available certain combinations of D and Do- 

A more or less reverse procedure can be used when only 


magnification and As are knowm. Supposing a M_. = 10,000 


= 
ama /\s = 107-4 inches is desired as before. Suitable 
values of D, and Do can be predicted as follows: 

A rbitrarily picking a M. = 60,000 from Figure 3, it 
follows that D, must be .006" in order to give a M, corrected 
of 1/6 x 60,000 = 10,000. With a D, = .006" then As to be 
used with Figure 3 is 10°-“/6 = 16.6 x 107° inches. Transfer 
this to the 60,000 ordinate of Figure 3 c, so positioning it 
so that its end points lie favorably between the (2 = 2.7 
and f2 = 3.0 curves. With the end points transferred to the 
figure, sketch in the (6 curve. Where it crosses the 3 
line indicates a magnitude of 2.85 for (2 (in this case it is 
curve D). 

Since (2 = Do/D, then Do = 2.85 x .006 = .0171 inches. 
Reading the left end point abscissa, s, is 43x 107° inches 
corrected to 6 x 43 x 1076 inches = 258 x 1076 inches. of 
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course with a mechanical advantage of n, the totcl magni- 
fication would be 10,000 n. 
Table I and‘il below summarize the findings described 


in the foregoing. 


(Using only 
TABLE I Pneumatic amplification) 
Curve D) Do LG S:x1o& As my (itin) 
B  .006 .0180 3.00 24,0 1074 10,500 
C  .008 .0310 3.85 248 1074 10, 200 
b .006 .O171 2.85 258 107+ 10,000 


(Using both Pneumatic 
TABLE If and Mechanical Ampli- 


fication) 
-6 
Curve D, Do f>_ 81x 10 : afd us (total) 
A  .008 .0180 2.25 408 1074 11,800 
B  .006 .0180 3.00 204 1074 20,000 
C  .008 .0310 3.85 216 107% 18,800 
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6 —- Description of Apparatus 








Figure 5 - Piston-type strain gage 
Piston-type Strain Gage 

Figure 4 (see Appendix) is a working drawing of a strain 
gage designed for use with Wire up to .150" diameter. Figure 
6 (see next page) is a diagram showing the gage in its working 
position. The wire under test is oriented in a horizontal 
direction, and passes between Piece 7 and & of the gage. 


Piece 8 is the piston follower which will move upward toward 
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Figure 6 - Piston-type strain gage balancing arrangement 


Piece 7 as the wire's diameter decreases in tension. As 
the follower rises, its lower end increases the gap between 
itself and Piece 4a, the orifice tip, which results in 2 As 


over that of the orifice tip's initial setting s The 


1° 
other end of the nozzle is connected to a rubber hose which 
transmits the gas from the "Solex",. 

Of interest may be the weightless feature of the gage 
Which eliminates any possibility of introducing a vertical 


sag component or bending in the small wire. Referring to 
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Figure 6, it will be seen that the upper end of the piston 
follower is connected to a yoke Piece 10 and thence by a cord 
over the sheave to Piece 16 which is a mercury weighted 
counterbalance. Thus, the weight of the gage and counter- 
balance is carried by the sheave pedestal. At the same 

time the piston cylinder assembly is free to fall about the 
piston by its own weight, which gives the contact pressure 
on the wire. 

Another advantage of this arrangement is that unpre- 
Gictable spring contact pressure, which is a working feature 
of other gages in use, is eliminated, and a positive constant 
pressure is insured. 

The reliability of the gage, of course, is a function 
of the skill exercised by the machinist in adhering to the 
design dimensions. An imperfect bottom surface of the 
piston, a sloppy fit of the piston, friction in the moving 
parts or a rough tip surface, are all very critical items 


that will effect the gage performance. 
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Figure 8 - Schematic of snap-on gage. 
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Snap-on Gage 
The snap-on gage appears as Figures 7 and 8 It most 


pronounced features are its simplicity and ease of manufacture. 
The only actual fit between moving parts is at the ball pivot. 
Perhaps its greatest advantage is a built-in mechanical ad- 
vantage, of two-to-one, which permits obtaining greater 
magnifications than can be obtained with the piston-type gage. 

In operation, use is made of the orifice holder designed 
for the piston-type gage which is rather cumbersome and, if 
designed specifically for this gage, it would have been made 
much shorter. A rubber-band encircles both upper and lower 
plates to maintain contact with the wire being measured. 

It is initially set in parallel by first inserting a 
Sample wire, of diameter equal to that of the wire being 
tested, between the followers. Then the parallelism screw 
is adjusted until special feelers or inside calipers indicate 
both plates are parallel. The locknut on the adjusting 
screw is tightened simultaneously. 

In order to prevent damage to the orifice when it is 
inserted, a stop screw (not shown on schematic) Piece 8, 
Figure 7, is provided which is always turned up against 
upper plate before removing gage from test Wire. if thts 
screw is not in position when gage is removed, the orifice 
will snap down and hit the orifice stop on the lower plate. 
Following the paralleling adjustment, the gage is calibrated 


as Will be described later. 
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It should be noted that the action of the tip in this 
gage is the reverse of the piston type. That is, as the 
diameter of the wire being measured by this gage decreases, 
the gap clearance gets smaller instead of larger, as occurs 
with the piston-type. Consequently, initial orifice settings 


with the snap-on gage are designated as hy or so instead of 


hi or S1° 
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Tension Producer 





Figure 9 —- Schematic of Tension Producer 


The principle of operation of the tension producer is 
illustrated in Figure 9. Assembly and details of the pro- 
ducer appear as Figure 10 in the Appendix. This particular 
piece of equipment is designed to give tension to the wire 
in a horizontal plane to suit the weightless feature of the 
Strain gage. 

It has a mechanical advantage of 20 to 1 which is 
brought about by a simple Lever arm reduction. Provision 
is made for leveling the beam lever arm initially and 
following each loading by moving the carriage by a lead 
screw. The ends of the wire are initially placed in the 
same horizontal plane by adjustment of jacking screws fitted 
to the beam support foundation. 

The beam rotates on frictionless knife edge bearings. 
Loading is accomplished by adding weighed increments of 


lead shot to the bucket. 
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Lead shot is used so as to permit loading of the wire 
without impact, simply by pouring the load. 

The tension producer beams are designed so that at 
maximum loading the deflection of the beam will be negligible 
so far as the deflection's Shortening effect on the lever arm 
is concerned. With a bucket loading of 62.5 pounds, the 
stress produced in a .150 inch wire will be 70,000 pounds 


per square inch. 


Interferometer 

Figure 11 is a schematic showing the working elements 
of the interferometer used to calibrate the strain gages. 
it was designed primarily for other use, but by addition of 
an adaptor and setting it on end, it was made suitable for 
calibration. 

Essentially, it consists of a foundation (show verti- 
cally) to which is mounted, by elastic hinges, a movable table. 
The table is raised and lowered against its own weight by the 
micrometer screw actuated by a hand wheel. Moving with the 
table is the lower of two optical flats which when raised 
approaches the other optical flat suspended on a fixed pedes- 
tal by three differential adjusting screws. A microscope 
with adjustable cross-hairs is mounted above in a position 
to view the interference fringes produced. A mercury arc 
light is located below the flats together with a filter. 

The adaptor consists of the yoke and sheave which 
normally supports the piston-type gage together with two 
calibrating pins A and B. The pins are of smaller diameter 
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Figure 11 - Schematic of Interferometer 
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than the wire to be tested and are machined so that their 
ends overlap. (Note section C-C of Figure 11) By this pro- 
vision, the pins can be made to line up with each other and 
to separate so as to effectively increase their diameter. 
Pin A is attached toe a frame which is mounted to the inter- 
ferometer table. Pin B is attached to a rod which in turn 
is connected to the fixed pedestal of the interferometer. 

By turning the interferometer screw so as to raise the table, 
pin A moves upward and away from pin B. 

It can be seen that if a strain gage is attached across 
the pins, the gage followers will move with the same action 
as occurs when the diameter of a test wire is caused to change. 

In use, with a gage suspended on the pins, the micro- 
meter screw is adjusted so as to make the effective diameter 
across the pins equal to the test wire. Then the optical 
flats are brought together so as to produce Newton's fringes 
of a fairly good spacing and the microscope eross-hairs 
lined up on a fringe boundary. With the orifice of the 
gage brougnt into the correct Spacing as indicated by the 
tSolex" manometer reading, calibration is begun by backing 
off on the micrometer screw so as to pass one fringe at a 
time across the cross hairs of the microscope. This means 
then, that the pins A and B have come closer by one-half a 


wave length of mercury light. 
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II CALIBRATION AND STRAIN MBASUREMENT 


1 — Piston-type Gage 


Calibration with this gage proved unsuccessful. Sensi- 
tivity and good magnification was achieved but reliability 
was lacking. At times fairly consistent runs, overa As 
of 1074 inches using the several orifice combinations listed 
in Table I, could be gotten, but they could not be repeated. 
After taking several corrective measures and observing the 
results attained, it was decided that the main difficulty 
was inferior workmansnip. Among the corrective measures 
taken were: - 

1. Taking apart gage, removing piston and carefully 
facing off and lapping end of piston to which orifice is 
directed. The original face was very rough and showed tool 
marks clearly. 

2- Refinishing follower pieces which were not straight. 

3. Recentering fixed follower which was off-center 
with moving follower. 

4. Adding weights to both gage and counterweight to 
insure good contact on the wire. 

5- Thorough cleaning of gage and lubrication with 
light oil. 

Inspection of the gage disclosed the following remain- 
ing defects which could not be corrected in sufficient time 
to permit completion of calibration and test. 

1. Cylinder walls stepped so that piston was tighter 


at one end than the other. 
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2, Perceptible shake of upper end of piston when in 
cylinder. 

3. High spots on piston. 

4. Poorly fitting keys at top of piston. 

5. Orifice holder thread engagement with cylinder 
bottom sloppy. 

6. Dimensions not closely adhered to. 

Inasmuch as good results intermittently appeared when 
using this gage, it is believed that with good workmanship, 
a gage of this type could be used Satisfactorily. A little 
further attention to the existing ga ge might also be well 


worthwhile. 


(33) 





2 - Snap-on Type Gage 

Since efficient operation of the piston-type gage was 
found to rely so greatly on the quality of fits of moving 
parts, it seemed worthwhile to consider some other alternzetive 
that did not have these characteristics. Consequently, the 
snap-on type (described earlier) was devised and was found to 
give good results. 

The orifices used were those combinations appearing in 
Table II page 21 and the supply pressure H was 8.30 inches of 
water. The calibration and test procedure follows: 

ae Weigh out lead shot at suitable load increments to 
cover stress range desired in test wire and place in con- 
venient containers ready for loading tension producer. 

be Set up tension producer with test wire in place and 
give it an initial load so as to insure knife-edges seating 
properly, that wire is straight and all play is taken out of 
entire arrangement. Using a surface gage on foundation of 
tension producer together with a dial indicator, level test 
wire by adjusting jacking screws located at base of beam 
mounting pedestal. Level beam by adjustment of carriage 
lead screw with special socket ratchet wrench provided until 
Spirit level on beam indicates beam is level. 

ce Mount Tuckerman strain gages on each side of wire so 
that any slight bending occurring during loading will be taken 
care of by averaging Tuckerman readings. Set up collimaters 
and adjust gages so as to permit centering collimater light 


image in collimater field. The Tuckerman gages are suspended 


as shown in Figure 13b by a cord and a linkage holding upper. 
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Side mounting pins together. The lower Side is held togetner 
by a rubber band secured over lower mounting pins. 

ad. Level "Solex" mounting by base adjusting screws until 
level, as indicated by spirit level. Place primary orifice 
Dj in left end of intermediate chamber and reconnect hose con- 
nection. Check the "Solex" for H = .3 psig and for leaks. 
This is done by admitting the air or nitrogen to the plunger 
(refer to Figure 1) until the gas bubbles out the bottom at 
a slow rate. (about 1 bubble every 5 seconds is satisfactory) 
If the rate is much faster, the meniscus in the manometric 
column will not settle down. Making sure the outlet from 
the intermediate chamber is open, read the bottom of the 
meniscus in the column. This is hh. Then squeeze the hose 
connection leading from the intermediate chamber until the 
meniscus stops falling. If the meniscus does not recede to 
the point opposite the bottom of the plunger, the system is 
leaking. When the system is tight, read the meniscus which 
will be h,- 4H then is equivalent to h, - ho. si eee VN 
is greater or less than H and the system is tight, drain off 
or add water to the tank until H is at desired value. 

e.- Turn on interferometer light source and with adjust- 
ing screws on upper flat, bring flats close together until 
fringes are about 1/8" apart as appears to the eye. The 
fineness of the bright lines can be adjusted by wrapping 
the light source with tin foil with a pin point hole pressed 
through the foil on the side that light is desired. The 
smaller the aperture, the finer will be the bright lines, 
the smaller the field of fringes and the less the light 


intensity. 
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The calibration pins A and B are set to the diameter of 
the test wire by micrometers in the vertical direction. In 
the horizontal direction they are set to the diameter of the 
pin so that when closing the pins together by micrometer 
screw, they will ultimately close to an effectively solid 
Wire of diameter ecual to their individual pin diameter. 

f. Place snap-on gage on test wire, insert orifice to 
be used and connect "Solex" hose. Center gage followers 
by eye and then turn in orifice so as to close gap clearance 
until "Solex™ manometer water level reads about 1/2H. 

h, is known so that h, now will read hy 1/2H or he + 1/2H. 
Center gage exactly by use of inside calipers or special 
feeler piece set by micrometers. The calipers are set to 

a spacing of .500" (distance between follower centers and 
orifice center) minus the sum of the test wire radius plus 
the orifice holder tip radius. Recheck ho so that it still 
registers at the 1/2 H point. 

ge When gage is centered properly and hog on manometer 
reads correctly, remove gage (first turning in protective 
stop screw) and place on calibrating pins. Recenter gage. 
This time the calipers are set at .500" - (radius orifice 
holder tip + radius of calibrating pins). Leave gage at 
this point and adjust interferometer screw until h, reads 
as before ath, - 1/2 H. Conditions are now such as to 
permit calibration and the gage is set at the exact diameter 
of the preloaded test wire. 


h. The cross-hair of microscope is brought to the 


sharply defined edge of a bright fringe by the cross-hair 
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adjusting screw. The calibration run is now begun by care- 
fully slacking off micrometer screw so as to pass one bright 
fringe across cross-hair at a time. After each setting the 
water column is read and recorded. Table IV of Appendix 
lists data taken for the three combinations of orifice sizes 
used. The run continues until the water column reading 
passes well through the reading corresponding to 3/4H which 
the theory shows is the point of maximum magnification. 
Review of the readings taken on this run shows whether 
sufficient As or range has been covered. The number of 
readings taken multiplied by one-half the wave length of 
mercury light (10.75 x 107° inches) gives the As covered. 
i in this case it is Gver 1074 inches, it is advisable to 
space the readings on each side of the 3/4H point by inspec- 
tion so as to give As = 1074 inches, pick from data taken 
a new starting point, and then reset the gage as before to 
give the suitable ho or initial reading. This means re- 
setting the gage on test wire, getting desired Qo» moving 
back to calibrator and making final calibration runs. 

Four calibration runs were made for each combination 
of orifices. 

i. After calibrating, the tension producer is checked 
again for initial position for starting test run. 

ie The gage is now removed from the calibration device 
and recentered on test Wire. This time, however, the 
orifice adjustment is left untouched and hy should check its 


original reading. If 1t is close to reading correctly, a 
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gage, Tuckerman, tension producer, "Solex". ) 
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very slight pressure by the finger will move it in without 
changing center position. If it is far off, the gage 
should be recalibrated. 

k. When ho repeats itself on the test wire, the test 
run is begun. Take initial readings of h and read both 
Tuckerman strain gages. With funnel arrangement showm in 
Figure 13a, pour in load increment into bucket and turn 
carriage lead screw until beam is level as indicated by 
spirit level. Take Tuckerman and manometer readings after 
each loading and leveling until desired loading range is 
covered. Table V is a compilation of the test data taken 


uSing the Snap-on gage. 
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3 - Reduction of Data and Curves Plotted 

Expansion by division of equation (1) indicates that 
in the section of the curve used, that is near the point of 
maximum magnification, which is located in the region to the 
left in Figure 2a, that the function can be closely approxi- 
mated by a parabola. Further to the right it approaches 
a straight line. 

With this in mind the data of Table IV was grouped and 
tabulated so as to give parabolic and straight line equations 
for purposes of plotting. TabLe VI Appendix lists the 
suitable equations developed for plotting the calibration 
curves. The equation parabolic or straight line which most 
nearly suited the data taken isS underlined. 

From Table V, Table VII was computed for plotting 
Figure 15 and determining the value of Poisson's Ratio for 
the wire. Since within the elastic range of a material, it 
is expected thet strain relations remain linea r, a straight 
line equation was found suitable to the data taken. These 
equations used in plotting Figure 15 also appear in Table VI 
in the Appendix. 

Table VII was obtained by:- 

ae Correcting the Tuckerman readings by their chara- 
Cierastic cerrection factors. 

b. Averaging the corrected readings. 
ec. Tabulating their summations from a zero reference 


= 


to give €. 


i 
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d. Correcting h read from manometer in centimeters to 
inches from a zero reference. 

e. Converting h tos or 6 by reading calibration 
curves, Figure 14. 

f. Dividing values of &, by wire diameter to give €, 

From the values of © tabulated in Table VII Figure 16 
was plotted to show the reliability inherent in the arrange- 


ment while using three independent orifice combinations. 
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Figure l4a - Calibration curve, Combination A. 
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Figure l4b - Tae curve, Combination B. 
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Figure l4e - Calibration curve 
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TII TéST RESULTS AND COMMENTS 


1 - Magnification 


The magnification inherent to each combination tested 
is obtained from the slope of the calibration curve. In 
the case of combinations A and C which are plotted as 
straight lines, the magnification remained constant. Com- 
bination B was parabolic, but so nearly straight that little 
error is introduced if the slope of the extremes of this 
curve are taken. In fact by taking the extremes for slope 
determination, the magnification obtained is on the pessi- 
mistic side of the maximum realizable. 

The tabulation below lists the magnifications obtained 
during test, along with those values predicted by Figure 3. 
Inasmuch as Figure 3 was designed only to give an estimate, 


the results obtained compare favorably with the actual M..- 


As = 1074 a eee 
Combination Max. 
> 2 Do je ait ee: ye ee 
d= .0@Bemeteo 2.25 11,800 12,3980 13,400 -11.2 
B  .006 .0180 3.00 20,000 21,600 18,500 anne 
C  .008 .0310 3.85 18,800 20,900 17,000 22.9 


The tabulation above verifies the theory (page 8) in 
predicting effects of changing orifice siz es. Frem this 
table it can be seen that: - 

a. M. increases with increase in D5. 


be. Ms increases with decrease in Dj. 
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2 - Sensitivity 

Since it has been estimated that the manometric column 
water level can be read to the nearest .0O1 cm. or .004", 
then the sensitivity of the strain ga ge is equal to the 


sensitivity in reading the manometer divided by the magnifi- 


cation. 
Combination Operation Co) 
A .004/13,400 3.0 x 107’ inches 
B 004/18, 500 2.2 x 107! inches 
6 .004/17,000 2.4.x 107’ inches 
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CO SK Se SS ee SS — OE ee 


This error is an accumulation of errors that appear 
throughout the entire process of calibration and wire strain 
measurements. It includes: 

a. rror_in centering gage 

This error affects the mechanical advantage built into 
the gage and should be computed on that basis. Using micro- 
meters for setting the calipers, which in turn centers the 
gage, it is apparent that the gage could be set off center a 
maximum of = .001". This would vary the mechanical adventage 
from 1.996 to 2.004 which is an error of - Af 2000 = L ths 

In moving the gage from the test wire to the calibrating 
pins, the same effect manifests itself and another + .2% is 
gained. 

In returning toe the test Wire after calibration, there 
should be no error in centering as long as the column reading 
repeats itself. 

bs Error in rendom scattering of calibration.run peints 

This error includes the error in setting the interference 
fringes to the cross-hair reference, reading the water colum 
during calibration and changes in conditions during readings. 

It is obtained by drawing in an envelope to the calibra- 
tion run plotted points so as to include all points above and 
below the curve drawn. 

The error is computed by taking the “A\s deviation of 
upper and lower envelopes at the upper limit of the range 


calibrated and dividing by the corresponding s. 
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This error for the several combinations appears as 


follows: 
2. Gi. 
Combination Operation brror 
os 
53 + 
B - 1-25 7/100 7 1.25% 
+ 


c. Error in reading water column during test of wire 

It is prebable that the maximum error in reading the 
column meniscus is about 4.005 cm. or *.00197 inches per 
reading. Since the transverse deformation and corresponding 
column readings were linearly related, /A\h is essentially 


constant. Values for this error appear as follows: 


Combination Operation P. Co. Biro 
» F 00197, ogy 2.57 
B 00197) o7ge 2250 
C -001977 o708 2015 


ad. Using calibration curve 


Since the calibration curves were plotted with the same 
accuracy to which the interferometer and water column could 
be read, it is safe to assume there is no error in reading 


the curve. 


The above mentioned errors accumulate in the following 


manner. 
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Operation 


Setting gage on 
test wire. 
setting gage on 
calibrator. 


Calibration 


Resetting gage 


on test wire 


P. C. Errer 


Brror Type 


Centering 


Centering 
Randon 
ocattering. 
Reading 


Manometer. 
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Ee. 


Combination 


A BC 
OO ae 
4 406 240 


$.80 2.50 5.00 


Ca gl en 


L2el/ 5.60) Sage 





4, - Error in Determination on 


Since M- =* » the error appearing from GQivision is the 
= 

summation of the percent error determined for the pneumatic 
gage and the error characteristic of the Tuckerman strain 


gage. Tabulated, this appears as: 





Lrror Error Error 

Combination in ©; dm S. in J 
A Indio. 7 ae 82.37 

B 5.80 ce 6.00 

C $.58 a6 8.78 


If we use Figure 15 to read values of MA it must be 
realized that the curve plotted already has the error due to 
random scattering included in it, since the calibration curve 
was used to make up the plot of this figure. 

Drawing in the envelopes on the Ju curve plot and de- 
termining the range of possible straight line slopes within 
this band, we will then have the random scattering effect 
from all sources. In effect this is taking the ; AA's 
possible within the band and dividing by the plotted Mt. 


For each combination, this error appears as follows: 


Combination Operation Poe Comte eer 
A 010 7332 3.0 
B -0087 318 gus 
C 0067 313 i 


Values of )u determined by the three combinations are 


tabulated below: 


Combination ae 
A »332 
B 318 
C 313 
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5 - Reliability 

Perhaps one of the most interesting results obtained 
during the test was that of Figure 16 which shows a comparison 
between the values of transverse deformation obtained with 
the three combinations. 

When one conSiders the many operations involved in 
arriving at the final deformation readings obtained, it is 


remarkable that such close agreement is attained. 





Figure 16 - Reliability of calibrating and wire testing 
arrangement. 
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6 - Duplication of Calibration Runs 


Combination B was arbitrarily chosen and second cali- 
bration run made at a period of one week after the original 
ren. The results of this run appear as Table VIII in the 
Appendix. The data obtained was plotted as A's on Figure 
14b and indicates very little deviation from thewaecaal cali- 
bration. This is another indication of gage and calibration 


a rrangement reliability. 
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7 —- Recommendations for Improving Testing kfficiency 


a. Design and fabricate a worm drive for the interfer- 
ometer micrometer hand-wneel. With such an arrangement, the 
error in setting interference fringes could be entirely 
eliminated. 

b. Design vibration absorbers for mounting entire test 
@ rrangement. Errors would be considerably reduced. 

c. Thread used on nozzle holder was sloppy and too 
coarse. Much time could be saved by correcting this con- 
Cero . 

qd. All followers and orifice tip stops should be lapped 
and squared to greater precision. 

e. Fabricate a larger loading bucket for tension pro- 
ducer. Range of use would be increased and with more data, 
results would be better. (Don't neglect permeability of 
lead shot in arriving at bucket capacity.) 

f. "Solex" should be all metal instead of glass. The 
danger of breakage slowed work considerably. 

g. Some consideration could be given to an improved 
centering device. Such a feature would save time in setting 
as well as eliminate the centering error. 

h. Addition of a greater mechanical advantage to the 
tension producer lead screw drive. Great care had to be 
exercised in leveling the beam with the existing ratchet 
wrench so as to avoid jerky motion. It is felt that jerky 
motion was mainly responsible for erratic Tuckerman readings 


using combination "A" in particular (note Table V). This 
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condition may have been responsible for the variation of Ms 
obtained using this combination, from the other two combina- 
Laens. 

i. Perhaps the most important factor that must be given 
consideration is "Technique." It can't be overemphasized, 
that the quality of results depends so greatly on the procedure 
followed and in duplicating a good procedure once set up. It 
has been said that a good machinist can get good results 
uSing the crudest of equipment. it is believed that this 


Same axiom holds true in making a test such as this one. 
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APPENDIX A 


A_- Development of Flow Equation 
The development of the general theoretical flow equation 
is first taken up and then certain modifications are incor- 


porated as a result of assumptions that are characteristic 


of the application for which it is being used. 





Figure 17 - Mechanics of flow 

Referring to Figure 17 which represents a duct carrying 
fluid through a changing cross section, we see that, for the 
case of a compressible fluid as air, the work done in moving 
the fluid increment m from 1 to 2 is equal to the kinetic 
energy in passing it from 1 to a. Since the density @ is 


not constant, the volume V of the mass m is not constant. 
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ten Work 4_5 — K.E.j_5 


[vae + (4.-2.)ma -4mU,-5mU, (a) 


The expansion is adiabatic since the pressure drop is 


Z 


BAD. Therefore, the equation defining the expansion can 
be written: 


py *. PV a PY,” 


or i la 


<s = 14 
~P K 
and [vae-v, [yar (c) 
P, 2 
(c) becomes when integrated: 


fvae wef s& 


vi 2. 
= v4 
foe 

eB 


- kK. Ve"“(R=ER* 
ae 
ap, \\- (a | Re 
eM (eli (4)™ | 


And the left side of equation (a) becomes, if we assume 


(b) 











vB ¢ 


pressure taps P, and Poy are on the same level so that 


mg (%, - 42) 7? _ 
[ vae- PVG |! — CS) *| (a) 


Now since Me = and V, = 3 
2 
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(b) becomes fF ) = RUS) 
_ (8) (e) 


Further, mass continuity requires that 


U, A, Dy UA, P, 





(f) 
or QR =Q,.P, 
Rearranging (f) and substituting (e}, we have 
ae ag co 
[rae 
Bye A 
7 See, Se U, (g) 
And the right side of equation » becomes 
am (U,-U, )- mL," (2) "Be <1] (n) 


Equating (da) and (h), 
pw En) ()* ]= emu 


Recalling that Vea and placing P-pq as defined in the 
notation we have upon substituting into (i) and solving 


for U, . 


U =2g' \2 Jeshi- 71 S27. 2) =| 
VIE UB RAL) — | 


Again since M=Q ¢,- A,U,P, 


m= Anfea ype Vee) SIR) 
\— (Axy" ( By" 


(Se (Be) 


Or sinplifying and letting oa 
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which is a correction for initial velocity, we have 
: — feye\e wie 
M's 2.02 CARA ey LCE) (ey | @ 


Due to the fluid under consideration being a gas, it 
is apparent that the change in kinetic energy is accompanied 
by random motion of the gas particles, giving rise to turbu- 
lence. With turbulence, viscosity effects can be considered 
Hegligiple. However, there are friction and eddy loss 
effects present which must be taken into account by a dis- 


charge coefficient C,. Hauation (j) then becomes finally: 


MS e.02 CCR EYRE) | ao 





Figure 18 - Simple flow systen. 
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Equation (k) applied to the system of Figure 18 becomes: 


A CoCo, Fee] [24 *). 
= ACaCalha VEC eye) @ 


Now if both 4, and Aj are Sharp edge orifices, the 
variation between Cpz and Cyo Will not be great, and it is 
legitimate to assume Cn1 =o 

By making the approach cross section large in comparison 
With Ay and the duct leading to As large in comparison with 
Ao» it can be seen that the gas in the approach and in the 
auct leading to Ao can be considered in a stagnate state, 
and that the correction for initial velocity can be neglected. 

Further, by using low pressures such that 


Hop and Spat < .o1 
” i (A) 


reduces to \ J Bah 
Q 





= ee 
respectively. 
(within .5 percent error in accuracy of results) 
Again, with low pressures, the variation in density of 
the flowing gas in the duct and atmosphere will be negligible, 


and we can reduce (1) to 


Ath = AL Y h-Arr 
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or by using gage pressure (m) 


AVH-h = AavVvh 


solving for h we have 


| Apap eres 
eye (42\ (n) 


A, ii and A,=wDS 


a 
i ee =. (1) 
D4 
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APPENDIX B 
TABLE III - Figure 3 Computations; Dj, =.001"; 4 =8 Oo" i50 


-¢ -2 
4 «10 XxIO 2 i) u &) =¢ 
i -37 san wa \¢ ty (1+16(20C ) 2 cae es ane \0 


io )6Cfl«C‘éd@Dti‘z]L 6655 1.117 “977 122.0 g 
oo 2heo B00 26620 1.505 1367 176.6 
Max.22.6 2460 5.12 33.50 1.785 1380 172.8 17.92 
25 2720 6.25 40:90 1.990 1367 170.8 2a 
30 4603270 «=: 9600S ss«59.00 ss 2.530 1290 «Ss 161.2 


|e Citi‘ sia IS CCid,sCdS SR 
= File G25 Fie? 1.735 2215 620 "6 
Mm 25.7 2162 6062 33.6 1.784 41215 1620 19ee6 
Pe 62530060 G57 | 2.120 1188 159.2 “Be 
Me |e «6125800 | 62k 2Ci2G5O)«6Cd12 Cid 


15 965 2.25 8.67 1.140 oy7 0.9 ‘aL 
25 1607 Ge25 22830 1.542 low 248.8 He 
M 29.5 1896 8.71 33.60 1.785 1062 151.6 21 
35 220 sO ee C2SO 60 C1032) 1A756 25 
L0 2570 16.00 $61.7 2.620 980 140.0 28 


25 1200 S225 
30 1A4fO 8 8=—9. 00 


4 1.296 SoS. iz. 0 16 
mol L638 11262 
D 


0 

JY 1.365 908 I39a6 20 
4 Livec 97S Atieae ae 
0 22130 902  1236m85 26 
A e900 657 lode ye 


(2a seep 


40 1920 16.00 
45 2160 20.30 


30 1086 ‘9.0 
35 lame dee 30 


i ivi) 6Cyl 
2 
mzO-2 1390 16.20 3 
di 
5 


oe 

526 1.580 765 I126e0 aa 
367 1. (OZ 780 130.0 24 
1 aS 2-020 12 Mee. pi 
2-0 


A5 1559 20.30 
22320 Whe V2bed, 30 


50 17320" 25080 
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TABLE III (continued-page 2) D, =-001"; 4H =8.303"H,0 
2G x16" 2 an 2 
oul 29/300 oe" loBot Gro BX) eb dh i Sx ig” 
(3 2 ge 
40 S20 Wee00 2385 1.530 Gy 11654 22.0 
L5 1103 20.30 29.8 1.682 657 #119.3 25 
meee 27.7 «186906229800 3386 COd 820 5G O11 26 
50 jme5 25.00 36.6 las7v7l 653 118.8 28 
55 1349 30230 A4e6 26090 645 117.2 30 
(2 2asR6 
A5 M50. 20830 2063 19455 S26 10382 22.5 
5) Cj 30.30 20.3 1.706 50 107.6 27.5 
oes 5 39,50 33.5 1.782 542 108.2 28.9 
60 1000 36.00 36.0 1.854 539 #£®107.6 32.5 
2 41365 67.40 67.5 2.820 484 96.8 41.0 
(3s = Leib 
40 440 16.0 10.6 1.220 361 7200 20 
65 T15 ee3 28-0 1.640 436 96.8 29 
@ 71.2 783 #£50.8 2326 1.782 #89 97.6 32 
15 §30 56.3 37.2 1.890 439 97.6 34 
90 990 81.0 bo = aay 419 93.2 Al 
Ee 
70 478 49.0 20.2 lege Sa $2.8 28 
$5 580 7, 3 29.6 1.680 Bue5 S6.2 34 
M 90.3 616 61.8 Bo<3 1.780 346 86.5 36 
95 648 90.3 B7y.0 46061.8eO 035 86.2 38 
110 750 121.0 49.5 26240 334 $3.5 LA 
(2 Sees 
80 324 64 15436 1.340 222 69.2 28 
110 AS kel 29:4 1.680 265 We." ] 39 
M 117.5 475 138 33.7 1.785 i226 76.0 AL 
120 486 LAL 35.0 1.825 266 76.0 42 
150 607 225 She? 26390 254 1226 53 
(> =33860 
120 259 144 ESS? 1.490 182 61.3 36 
150 324 225 29.2 1.678 193 64.3 A5 
M 160.5 A 256 33 We le7eo IZ 65% 0 S 
170 367 290 S746 1.895 187 64.7 1 
200 432 400 Shee = 20ST 020 «187 62.3 60 





TABLH III (continued-page 3) 


~4 


-*<\O 


oC: 


Max 


-32 (30H 


167 
Pasta 
RAL 
261 
35RD 


Lipe 
205 
a 
ial 
295 


£35 


85 
128 
154 
7a. 
aug 


ed 


256 
Add 


625 
900 


290 
530 
625 
730 
1090 


256 


748 
900 
1446 


eee 
625 
390 
1230 
2030 


LE 
625 
1065 
150 
2030 


400 
900 
1310 
1600 
2500 


Dy 
vette Heat) 
= 
16.) Leese 
27.6 5.630 
gam6 levee 
39.2 1.9% 
56.5 2.460 
C= 
W5%.0 1.340 
25.4 1.653 
235 Loree 
39.2 1.940 
58.4 2.520 
= 2, 
Wa. Se 1.26 
26.1 1.596 
33.7 1.788 
40.6 1.980 
65.2 2.740 
(B= 

8.5 1.180 
23.5 1.530 
3855 lames 
HO. 3 2 LAO 
Toa 3emee 
(2 = Birth. 

AAV gl 1 oe 
15:6) 1 ie? 
35.ue «612 
38.6 1.822 
63.6 2-630 
Coe BQ 
16.25 1. 2a 
23.08 i.520 
33.50 1.782 
41.00 1.995 
64.00 2.695 
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=.001"; 


baled 


L206 
Zs 
ib 


oT 
HEALS: 
135 
1i4 
105 


80 
103 
LOS 
LO2 

90 


= " 

H =8.303 H.0 

Be 
ZxIO 
49.6 40 
54-0 oS. 
54.20 58 
ps 63 
492 fe 
Ase Al 
5 imo aD 
5 65 
187 Wr, 
Le. 1. a7 
49.2 55 
5Os0 63 
49.6 69 
Lbek 87 
36.3 33 
466 55 
Lae 66 
46.6 7g 
Al. 99 
Seek bye 
A302 53 
456 69 
4De3 14 
A334 a2 
OA 40 
Lek 60 
pi le 
428 80 
39.6 100 








TABL#; III (continued-page 4) D, =.00L"; HH =8.303"H.0 
ae a oa e a ass or 42 2 Ah L ~~ 
=e | 
De 2Aa5 4.69 1 3095 47.6 25 J@ 29 
122 1230 25.62 iy. SSO 76.9 £:072.5 67 
139 1600 3340 LeS2 lige G0 76 
pig 156 2030 L240 22030 76.8 AGA S6 
7 wee 4230 83.30 Jem60 63.5 3305 aoe 
- 1.8 
25 yi 625 10.60 1.220 5 so 3an piss: 
35 99 1230 PLO} 2% 1.460 67.8 37.1 63 
M A6 130 2120 364800 Veoo5 7Oe2 S920 83 
50 poy 2500 hee oO 22036 (el 39.0 90 
60 170 3600 61.10 2-600 Goer 3602 108 
B= ae 
20 45 400 5.38 1.215 40.3 355 34, 
40 90 1600 21.50 1.480 6057 33m 68 
M 5 601. 2480 33.468 cl 62.8 36.9 $5 
0 L335 3600 48.60 Por Ae 60.9 356 1LGzZ 
80 179 6400 86.30 3.480 Sie 30m 136 
= 1.6 
55 61 1230 H2 992 1.276 48.1 30m 56 
50 S8 2500 20a 1.600 54.8 Gy). 8) SO 
M 56.4 99 3180 33640 le tee 55-3 3hm6 90 
iOS 3600 BASS APs LO) 1) 5 6. 344 96 
5 Mat 5630 59.20 Zeno jie. | o260 120 
—- 1. 
L0 54 1600 13800 1.280 fale. 2146 60 
60 Sl 3600 22980 1.680 KGL, oe ae 90 
M 64.2 $7 JAL?5 32. 90 des 7S2 48.8 i es) 96.2 
710 95 4900 39.80 1956 A605 3283 105 
90 ee §100 65.90 «TO pie 29.4 it 35 
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TABLE IV - Calibration Data; D, =.008"; Do =.0180" 

h A\h h AG h Ah h yay 
25.00 28.00 28.00 28-00 
27.64 ~36 27.64 «36 27.64 036 27 J@p wi 
La | ar] 1620 0 2/30 034 Aero -36 
26. S'7 40 26.90 ee: 26.95 035 26.92 oo 
ae. 50 me dl 26.50 a, 26.60 ae) A «55 2G 
26.12 38 26.09 eoial. Zen24 «30 26.16 039 
A lad | “a L50e “ao erase o 38 25 «a “35 
23-39 28 GS) 038 25250 236 25-43 037 
ee.03 36 24.98 ot 2D «kD «32 25.05 «35 
Abe. 67 #30 24.64 34 24282 033 pS ee S 035 
24-30 we / CA. oe ele Ail, Aes 24.36 037 
LDL, “40 24.600 we Ady ee PS) 24.00 Ae 

Dy =.006"; Dy =-0180" 

21.09 27-09 27.09 27.09 
26.66 Prt) 26.60 AI 26.61 48 PANO S: 46 
26.06 ~ 60 26802 soo 26.06 mee, 26605 «5a 
2 iO 56 2 eles 054 25890 so0 25640 on 
Aa Dy “2D 24.98 ° 50 24.97 <9 Rhye 93 a> 
Aue. AL ras) i 24.45 SS QheLhdly woo ALpe Ll ae 
Fe iy 48 WAG) S'S) 0 PAG). 051 23.93 eo 
23.40 53 23-46 49 3 Made AI 23-43 S18) 
eA. 95 AS 23-00 46 22.97 Pe, 22-98 Sao 


* All readings in centimeters. 
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TABLE IV 


cl aa a IE | a a SN RR RP a arm ag a A SL I mS eR a ee ee. 


ae 
29.58 
a. 19 
26.7) 
eo. 23 
a. 75 
Aino 
2079 
A. 25 
25478 
eee 
24.80 
ee. 
23-92 
Zo 56 
fio ae) 


(continued-page 


29.97 
29). 56 
29.10 
28.63 
Ae LO 
CASES 
Alvce 
AG. FO 
26.28 
Ame. 
25633 
Alpe St 
R40 BY 
23-96 
Zi 
A oglae. 


* All readings in centimeters. 
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Dy =.008"; 

h Ah 
Comet 
29.58 039 
a9 fi 045 
20 ae3 2 50 
Pe le 49 
21.0% «50 
£1620 AL 
205 fe AS 
20. 29 46 
Zaye (ih AD 
25.26 21 
Alu (2D oat 
Alywr.5 a0) 
LOMO oA3 
23038 46 
23.03 ABS, 


D, =.0310" 
h Ah 
29.97 
29,57 (aio 
29.42 Bee 
28.63 49 
2.15 “ale 
27.67 “whe 
27.20 |mee 
26.72 45 
2.25 Ta 
ga - 50 
25.25 ae 
24-75 abe 
24026 AD 
23.61 abs 
23-36 eee) 
23200 "Wee 





TABLE V - Deformation of Wire Data; Luckerman Correction 
#055: 2.009 x 1.003 


#850: 1.987 x 1.003 
Dy =.008"; Do =.018" 








Dy =.008"; Do =.0310" 


Tuckerman $55 __—- Tuckerman 850 h Ah _ Load 
11.932 10.88 28.00 Ld 
LO igSO 10.26 Pad cy «6 6 
10.29 9.68 27.69 ok5 8 

9.77 9.09 Pali oy 8 Pas 10 
9.20 8.47 Pie 36 AAS le 
§ J62 (e050 lace Ale 14 
8.O1 leae Zit OD Bly 16 
aoe 6.59 26.87 elles; 18 
S528, 5297 26.69 oaks 20 
Owe> Sao 26.51 sls Ce 


ee tal . al 29.97 4 
13.91 22 29.81 16 
1 3a 10.66 29.63 18 3 
12.86 10.05 29.46 Ly, 10 
acy 9.45 29.28 18 ee 
11.79 3.90 29.09 19 14 
11.22 8.32 28.90 19 16 
10.67 a7 28.71 19 13 
10.08 7.16 28.51 . 20 20 
9.50 6.57 28.32 19 ap 
D, =.006"; Dz =.0180" 
14.20 11.82 27-08 4 
13.70 iy, 26.89 . 20 6 
13.19 10.56 26.67 ea g 
12.68 10.00 26.47 . 20 10 
12.13 9.48 26.24, tee 12 
11.56 8.92 26.01 a2 ws 
1iaor cE eey 25.79 22 16 
10.46 7.76 25.55 2) 1g 
9.90 7.18 25.31 ot 20 
9.34 6.60 25.08 23 22 


NOTH: h readings in centimeters 
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TABLE VI - Tabulation of Calibration andAt Curve Equations 


oy 

Combination otraight Line Parabola 
Dy=.008 Do=.0180 h=.3673S-.0118 h=-.0019s~+.3886s-.0495 
D,=.006 Dg=.0180 h=.5225s h=-.0081s<+.5927s-.1107 


D}=.008 Do=.0310 h=.47478-.0987 h=-.0006s“+.4826s-.1125 


—  tti(‘“CsCCCSCSCi:C VS a 


Combination straight Line 
Di=-008 Do=.0180 €, =.31976G + 13 
D,=-.006 Do=.0180 E =.3094E 4+ 9 
D,=.008 Dg=.0310 G =.29926+ 4 


NOTH: Hguations used underlined. 
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TABLE VII - Transverse and Longitudinal Strains 


Tuckerman Tuckerman Mean 


ont J e-:- ' 
$55-Corr. 850-Corr. 8554850 Ac. (Un) (om) (in) (Susee) 5/Dwire 
D,=.008"__Do=.01g0" os 


yee: 21.68 21.98 0 O e © 
21.76 2rd lage. a a i 
20.73 1,27 820.081 ile 1.97 .31 .122 7 
19.69 i.e 168.92 1.08 3406 .46 . lel 14 tee 
13.54 ieee 17.71 1.2 2227 .62 266 Toumee 
7.37 15.67 16.52 1.19 °5.46 .78 .307 23 WieZ 
16.14 iu C5227 1.25 TL SCC TR 2S) ee 
14.93 13.13 24.06 1.24 7.95 lel3 .4A45 33 Zoo 
13.76 11,99 12.83 DW20) 9.15 1.31 .516 33 "Gow 
12.59 10.68 11.64 1.16 10.32 1.49 .587 2e See 
D1 =.008" Da=.0310" 
29.06 23.54 26.30 0 0 0 (0 ia 
28.03 2.55 06:CS OCT 6D |OL1GSCtCt«w 3 
27.00 mes. CCL iC 2.172 4Ct«iCw CO 
25.91 20.03 22597 15% 3.31 .51 .201 Wee 
24.87 deees 21.85 182 2.33 #69 .272 dee 
23.76 17.7% 20.75 140 5.53 88 .346 22 dee 
22.61 16.58 19.60 1.15 6.68 1.07 .421 26 208 
21.50 25.47 16.49% 1.11 7.78 2.26 .496 35 92 
20.32 W.27 17.29 1.20 8.99 146 .575 36 266 
UO 14 A3309 1682 1.17 10.86 1.65 .650 40 Jae 
Dy=.008" Da=.0310" 
28.61 23.56 26.09 0 0 Os (Gite 
27.61 Zea = 2 0C«dz MG) sk «=SCi« 0 :i(‘«CSOTS ae 
26.58 21.05 23662 1908 2:27 s62 .165 10 “we 
25.55 19-98 22-575 1808 3.35 ‘§e2  .244 7, ae 
Py, Ld, is oe 8221.67 Tse? 2.42 “ses .386 Te ee 
23.29 17.78 20.54 1.13 5.55 1.08 .425 22 176 
22.19 16.62 19.41 1.13 6.68 1.30 .512 27 216 
21.08 Toews? «86=sd1GeeG 0 CISD Cia 
19.95 W3h 20S so7.130 lS 6.96 1.76 .701L 36 26m 
18.82 Tonkd5 )620=Cisd15399 «6s. 2410.20 2.01 . 78h ao 3e8 


(72) 





TABLE VIII - Check on Calibration with Dj=.006", Do=.0180" 


h h h 
eas) Anh (ue) h (ane 
27.99 21.09 O 
26.60 26.62 dca AI 
76.07 26.08 o Dee ie. OZ 
Bp .52 25.50 oo i. 57 
Z> -00 2499 abe 2.09 
2d | RheAh, eS. Zoe 
23.98 23-94 « 50 Scale. 
23.49 Pao i) ook 3.60 
oe .O02 Pa AS h 5) 8 LeOF 
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ho 
ele 


O 
185 
« 398 
- O22 
6827 
L207 
1.2240 
1.440 
1.630 
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